Prolonged inhibition of the kinase, mammalian target of rapamycin (mTOR), during myeloid dendritic cell (DC) generation confers resistance to maturation. Recently, however, mTOR inhibition immediately before Toll-like receptor ligation has been found to exert proinflammatory effects on myeloid cells, notably enhanced IL-12p40/p70 production. We show, for the first time, that mouse or human DCs generated under mTOR inhibition exhibit markedly enhanced IL-12p70 production after lipopolysaccharide (LPS) stimulation, despite impaired costimulatory molecule expression and poor T-cell stimulatory ability. Consistent with this finding, we reveal that increased IL-12p40 production occurs predominantly in CD86 lo immature DCs. High IL-12p40/p70 production by CD86 lo DC resulted from failed down-regulation of glycogen synthase kinase-3 (GSK-3) activity and could not be ascribed to enhanced Akt function. Despite high IL-12p70 secretion, rapamycinconditioned, LPS-stimulated DCs remained poor T-cell stimulators, failing to enhance allogeneic Th1 cell responses. We also report that inhibition of GSK-3 impedes the ability of LPS-stimulated DCs to induce forkhead box p3 in CD4 ؉ CD25 ؊ T cells, as does the absence of IL-12p40/ p70. Thus, GSK-3 activity in DC is regulated via signaling linked to mTOR and modulates their capacity both to produce IL-12p40/p70 and induce forkhead box p3 in CD4 
Introduction
Mammalian target of rapamycin (mTOR) is an integrative kinase that coordinates environmental signals, especially those activating phosphoinositide 3-kinase (PI3K) and its effector, the Akt kinase. 1, 2 The relationship between the 2 identified mTOR-containing complexes (mTORC1 and mTORC2) and PI3K/Akt is under intensive investigation, but it is understood that mTORC1 is located downstream of PI3K and activated by Akt. 1 Akt, however, lies both upstream and downstream of mTOR and must be phosphorylated on S473 by mTORC2 to be fully activated. 1 Although the immunosuppressant rapamycin (RAPA) potently targets mTORC1 activity to limit cell growth and proliferation, mTORC2 is RAPA-resistant, although prolonged RAPA exposure can limit its activity in some cells and tissues. 3 Consistent with ubiquitous leukocyte mTOR expression, RAPA exerts significant immunomodulatory effects. 4 At clinically relevant concentrations, it inhibits cytokine-induced proliferation of effector T cells while sparing the proliferation and function of regulatory T cells (Treg). [4] [5] [6] Both in vitro and in vivo, continued exposure to RAPA suppresses myeloid (m) dendritic cell (DC) generation, maturation, and T-cell stimulatory function. [7] [8] [9] [10] [11] [12] [13] More precisely, propagation of murine bone marrow (BM)-derived mDCs in RAPA (RAPA-conditioned mDCs; RAPA-DCs) generates mDCs with low surface major histocompatibility complex and costimulatory molecules, even after exposure to potent inflammatory stimuli, such as Toll-like receptor (TLR) ligands, and CD40 ligation. 8, [10] [11] [12] Although in vitro-generated RAPA-DCs are weak stimulators of T cells 8, [10] [11] [12] and induce T-cell anergy 10 and apoptosis, 11 they enrich for Treg. 11 Experimentally, RAPA-DCs inhibit graft-versus-host disease (GVHD) 13 and promote organ allograft survival without immunosuppressive therapy. 10 In apparent discord with these findings, mTOR inhibition has recently been implicated in promotion of proinflammatory cytokine production by myeloid cells. Specifically, short-term (ie, 20-180 minutes) exposure to RAPA immediately before TLR ligation reduces interleukin-10 (IL-10) secretion by these cells while promoting IL-12 production. [14] [15] [16] Monocytes or mDCs activated in this way are potent inducers of strong T helper type-1 (Th1) and Th17 cell responses. 15 Given our previous finding that generation of mDCs in RAPA markedly inhibits their maturation in response to inflammatory stimuli, our initial goal was to elucidate the impact of mTOR inhibition under these conditions, on cytokine production after TLR4 ligation. In addition, we sought to ascertain how disruption of signaling through mTOR and related pathways shapes the capacity of mDCs to induce differentiation of alloreactive CD4 ϩ T cells. Our results show that poorly stimulatory RAPA-DCs, when exposed to bacterial lipopolysaccharide (LPS), paradoxically exhibit enhanced IL-12p40/p70 production, resulting from failure to inhibit glycogen synthase kinase-3 (GSK-3). Notably, increased IL-12p40 was observed predominantly in CD86 lo cells, which failed to enhance Th1 cell differentiation. We also reveal that GSK-3 activity and IL-12p40/p70 are crucial for the ability of LPS-stimulated mDCs to induce forkhead box p3 (Foxp3) expression in CD4 ϩ T cells.
Dr Adrian Morelli (University of Pittsburgh). 17 Animals were maintained in specific pathogen-free facility at the University of Pittsburgh School of Medicine until use at 8 to 12 weeks of age. Experiments were conducted under an institutional animal care and use committee-approved protocol in accordance with National Institutes of Health guidelines.
DC generation and treatment
Murine mDCs were propagated from BM cells in the presence or absence of RAPA for 7 days in murine recombinant (r) granulocyte-macrophage colony-stimulating factor (GM-CSF) and rIL-4 (R&D Systems), as described. 12 The mTORC1/2 inhibitor Torin-1 was graciously provided by Dr Nathanael Gray (Harvard Medical School, Boston, MA) and used identically to RAPA during DC generation. 12 Nonadherent cells were harvested on day 7 and CD11c ϩ DCs positively selected (purity Ͼ 90%) using anti-CD11c immunomagnetic beads (Miltenyi Biotec). Human monocytederived DCs were generated from peripheral blood mononuclear cells (PBMCs) isolated from normal leukopacks (Central Blood Bank) by Ficoll-Hypaque density gradient centrifugation, then CD14 immunomagnetic bead isolation (Miltenyi Biotec). Human control (CTR)-DCs were differentiated in 10% fetal calf serum AIM-V media (Invitrogen) supplemented with 1000 U/mL rhGM-CSF (Berlex) and 1000 U/mL rhIL-4 (R&D Systems). For RAPA-DCs, RAPA (10 ng/mL; LC Laboratories) was added to cultures on day 2 and day 5 after plating. At the time of harvest, more than 94% of nonadherent cells were phenotypically DCs (CD11c ϩ , HLA-DR ϩ ). After harvest on day 7, where indicated, human and mouse DCs were incubated (2 hours) with lithium chloride (LiCl; 10mM; Sigma-Aldrich) or 10-(4Ј-(N-diethylamino)butyl)-2-chlorophenoxazine, HCl (AktX; 10M; Calbiochem) before exposure to LPS (0.1 g/mL; Escherichia coli; Invivogen) or rmIL-33 (0.1g/mL; PeproTech).
Flow cytometry
DC surface antigen (Ag) expression was analyzed as described. 12 Fluorophore-conjugated monoclonal antibodies (mAbs) were from BD Biosciences or eBioscience. For assessment of intracellular IL-12p40, Golgi Plug (BD Biosciences) was added for the final 4 to 5 hours of DC stimulation with LPS, followed by surface staining for CD11c and CD86, treatment with fixation/permeabilization buffer (eBioscience), and intracellular staining with anti-IL-12p40. Murine T cells were examined by surface staining with mAbs to CD4 and CD25 and intracellular staining for Foxp3, as described. 11 For intracellular cytokine detection, T cells were assessed after 4-to 5-hour restimulation with phorbol myristate acetate (PMA) and ionomycin (Sigma-Aldrich) in the presence of Golgi Plug. After surface staining and fixation/permeabilization, intracellular staining with anti-IL-4 and -interferon-␥ (IFN-␥) was performed. For some experiments, T cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Vibrant CFDA SE Cell Tracer Kit; Invitrogen), according to the manufacturer's instructions. Appropriately conjugated, isotype-matched IgGs served as controls. Data were acquired with a LSR II flow cytometer (BD Biosciences) and analyzed using FlowJo, Version 8.8.3 (TreeStar).
Immunoblots and electrophoretic mobility shift assays
DCs (2-4 ϫ 10 6 ) were lysed in CelLytic M (Sigma-Aldrich) containing a complete, ethylenediaminetetraacetic acid-free protease inhibitor cocktail (Mini-Tablets; Roche Diagnostics), supplemented with phenylmethanesulfonyl fluoride (1mM) and sodium orthovanadate (1mM). Debris was removed by centrifugation (13 100g) and 10-to 20-g protein separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels before membrane transfer. Immunoblotting was performed following the protocol recommended by Cell Signaling Technology with primary Abs from Cell Signaling Technology, including rabbit antiphosphorylated c-Jun NH 2 -terminal kinase (JNK; T183/Y185), p38 (T180/Y182), mTOR (S2448), mTOR (S2481), p70S6K (T389), Akt (T308), Akt (S473), GSK-3␣/␤ (S21/S9), or GSK-3␣/␤ (Y279/Y216; ECM Biosciences). In addition, primary rabbit Abs to total JNK (Santa Cruz Biotechnology), mTOR, p70S6K, or Akt (Cell Signaling Technology), as well as mAbs to GAPDH (Novus Biologicals) or ␤-catenin (Sigma-Aldrich) were used. After washing, subsequent incubation was with appropriate horseradish peroxidaseconjugated secondary Abs (Cell Signaling Technology). Band visualization was achieved with SuperSignal West Pico or Femto Chemiluminescent Substrate (Pierce Chemical) and exposure to film. Nuclear factor-B (NF-B) DNA-binding activity was measured in nuclear extracts by electrophoretic mobility shift assay, as described. 12 
MLR
BALB/c CD4 ϩ T cells were obtained from lymph nodes and spleens, as described, 11 and mixed leukocyte reaction (MLR) performed 8 using graded numbers of ␥-irradiated (20 Gy) B6 DCs to stimulate 2 ϫ 10 5 T cells for 72 hours. For human MLR, responder PBMCs were isolated from heparinized peripheral blood, as described in "DC generation and treatment," and then incubated (0.1 ϫ 10 6 ) in RPMI 1640 containing 5% vol/vol heat-inactivated normal human serum at a 20:1 ratio with irradiated (20 Gy) allogeneic DCs in 96-well, round-bottom plates for 6 days. The number of HLA mismatches between responder and stimulator was constant between experiments. Over the last 18 hours of culture, 1 Ci [ 3 H] thymidine (NEN Life Science Products) was added. After cell harvesting, radioisotope incorporation was determined using a ␤-scintillation counter.
DC induction of Th1, Th2, Th17, and Treg cells
Normal CD4 ϩ T cells were obtained from BALB/c lymph nodes and spleens as described in "MLR." In some instances, CD4 ϩ CD25 Ϫ cells were isolated using phycoerythrin-conjugated anti-CD25 mAb and depletion of bound cells via antiphycoerythrin microbeads (Miltenyi Biotec). T cells (2 ϫ 10 5 ) were cocultured with 2 ϫ 10 4 B6 DCs for 3 to 5 days in 96-well, round-bottom plates. Where indicated, murine rIL-12p70 (5 ng/mL; PeproTech) was added at the start of cocultures. CD4 ϩ T cells stimulated by CTR-DCs under Th1-(10 g/mL anti-IL-4 and 2.5 ng/mL rIL-12p70) or Th2-polarizing conditions (10 g/mL anti-IFN-␥ and 10 ng/mL rIL-4) were included controls. Normal human PBMCs were incubated with irradiated (20 Gy) allogeneic DCs at a ratio of 10:1 for 6 days. Supernatants were then collected for assessment of cytokine concentrations, and cells were harvested for flow cytometric analysis, as described in "Flow cytometry." Adoptive 1H3.1 TCR tg CD4 ؉ T-cell transfer and assessment CD4 ϩ 1H3.1 Tg T cells (CD90.1 ϩ V␤6 ϩ ) were purified from lymph nodes and spleens of 1H3.1 mice by negative depletion, as described in "MLR" and 5 ϫ 10 6 cells administered intravenously to naive B6 mice (CD90.2 ϩ ). Two days later, animals received intravenously 2 ϫ 10 6 B6 DCs pulsed with the BALB/c I-E␣-derived allopeptide (ASFEAQGALANIAVDKA; IE␣ 52-68 ). Five days after DC infusion, isolated splenocytes were restimulated (4-5 hours) with PMA/ionomycin in the presence of Golgi Plug. This was followed by surface labeling for CD3, CD4, CD90.1, and V␤6 TCR, and intracellular staining for IL-4 and IFN-␥, before assessment by flow cytometry for expansion and cytokine expression by the transferred cells.
ELISA and Luminex assays
Murine IL-12p70 (p35/p40) and IL-23 (p19/p40) were quantified using Ready-SET-Go! enzyme-linked immunosorbent assay (ELISA) kits (eBioscience), following the manufacturer's protocol. Human IL-12p70 was also determined by ELISA (R&D Systems). Murine IL-2, -4, -10, -17, and IFN-␥ were quantified via Luminex assay (Luminex), conducted by the University of Pittsburgh Cancer Biomarkers Facility.
Statistical analysis
Results are expressed as mean (Ϯ SD) or SEM. Significances of differences between means were determined using the Student t test and the JMP IN 4.04 Statistical Package (SAS Institute Inc) with P values less than .05 considered significant.
Results
Differentiation of mDCs in RAPA limits their allostimulatory capacity after exposure to LPS while increasing IL-12p70 production As reported, 10-13 murine (B6) BM-derived mDCs differentiated in RAPA (RAPA-DCs) displayed markedly reduced CD86 expression compared with CTR-DCs (data not shown) and were weak stimulators of allogeneic (BALB/c) T cells, even after LPS stimulation ( Figure 1A ). However, like mDCs or macrophages exposed to RAPA only briefly (20-90 minutes) before TLR ligation, [14] [15] [16] RAPA-DCs showed enhanced IL-12p40 expression after LPS stimulation ( Figure 1B) . Thus, after LPS exposure, 27.5% (Ϯ 8.8%) of CTR-DCs compared with 57.0% (Ϯ 6.0%) of RAPA-DCs were IL-12p40 ϩ ( Figure 1C ). Data represent mean percentage Ϯ SD across multiple experiments (Unstim, n ϭ 10; LPS, n ϭ 4). *P Ͻ .05. (H) Hu RAPA-DCs also displayed significantly increased IL-12p70 secretion after exposure to LPS (0.1 g/mL) Data are mean Ϯ SD from multiple experiments (Unstim, n ϭ 9; LPS, n ϭ 5). *P Ͻ .05.
Because IL-12p40 is a shared component of IL-12p70 and IL-23, supernatants were harvested after exposure of DCs to LPS and IL-12p70 and IL-23 quantified. IL-12p70, but not IL-23, secretion by LPS-stimulated RAPA-DCs was increased ( Figure  1D -E). As reported for short-term inhibition of mTOR in mDCs and macrophages, [14] [15] [16] IL-10 secretion by LPS-stimulated RAPADCs was reduced significantly ( Figure 1F ). Human (Hu) monocytederived DCs generated in RAPA (Hu RAPA-DCs) also displayed both impaired ability to stimulate alloreactive T cells (especially after exposure to LPS; Figure 1G ) and increased LPS-induced IL-12p70 secretion ( Figure 1H ).
Differentiation of mDCs in RAPA inhibits TLR-induced activation of MAPK and NF-B
We have shown that RAPA-DCs overexpress the IL-1 receptor (R) family member, ST2L, 12 which acts both as the IL-33R 18 and as a negative regulator of TLR4 that sequesters MyD88. 19 Consistent with this, RAPA-DCs displayed inhibited activation of NF-B, p38, and ERK after exposure to LPS, CpG, or CD40 ligation. 12 Western blot analysis of RAPA-DCs demonstrated that, although activation of JNK and p38 downstream of TLR4, TLR9, and CD40 was also strongly inhibited, IL-33-induced signaling through ST2L was not ( Figure 2A ). In the case of IL-33-induced JNK activation, RAPA-DCs displayed enhanced phosphorylation ( Figure 2A ). Analysis of nuclear proteins revealed reduced NF-B DNAbinding activity in unstimulated and LPS-stimulated RAPA-DCs ( Figure 2B ). IL-33 failed to activate NF-B in CTR-DCs, whereas in RAPA-DCs IL-33 promoted NF-B activation ( Figure 2B ). Thus, augmented NF-B or mitogen-activated protein kinase (MAPK) activity does not appear to underlie enhanced IL-12p70 production by RAPA-DCs, which display reduced responsiveness to TLR4 but not to ST2L ligation.
RAPA-DCs display inhibited mTOR and p70S6K phosphorylation
Within a few minutes of exposure to LPS or Listeria monocytogenes, mTOR is phosphorylated in myeloid cells, as is the mTORC1 target, p70S6K. 14,15 Accordingly, phosphorylation of S2448 on mTOR was increased after exposure of CTR-DCs to LPS ( Figure 2C ), as was also observed in RAPA-DCs, although to a lesser extent ( Figure 2C ). mTOR can also be phosphorylated on S2481, a proposed site of autophosphorylation. 20 Whereas CTR-DCs displayed constitutive S2481 phosphorylation (Figure 2C) , generation of mDCs in RAPA ablated S2481 phosphorylation, both before and after LPS stimulation ( Figure 2C ). RAPA-DCs did not display phosphorylation of p70S6K, even after LPS exposure ( Figure 2D ), consistent with inhibition of mTORC1 by RAPA. Expression of the mTOR kinase, or regulatory associated protein of mTOR (raptor), a defining binding partner with mTOR in mTORC1, 21 was unmodified in RAPA-DCs ( Figure 2C ). Thus, generation of mDCs in RAPA results in the loss of mTOR S2481 and p70S6K phosphorylation after TLR4 ligation.
Akt phosphorylation is maintained in RAPA-DCs
TLR ligation stimulates PI3K 22 activity needed for negative regulation of IL-12 production. 23 Akt is a critical kinase in the PI3K pathway and is phosphorylated on T308 after PI3K activation. 24 However, to be fully active, Akt must also be phosphorylated on S473 by mTORC2, 25 a step susceptible to long-term mTOR inhibition. 3 TLR4 ligation promotes phosphorylation of S473, 14 although whether mDC generation in RAPA prevents Akt phosphorylation on S473, potentially removing Akt negative regulation of IL-12 production, is unknown. As shown in Figure 2E , generation of mDCs in RAPA did not ablate phosphorylation of S473 on Akt, as has been observed in some cell lines and mouse tissues. 3 Interestingly, whereas CTR-DCs lacked Akt phosphorylation on T308 at the time of assessment, Akt in RAPA-DCs displayed constitutive T308 phosphorylation ( Figure 2E ). These data suggest that generation of mDCs in RAPA does not result in failure to phosphorylate the requisite sites for Akt activation.
Failure to phosphorylate inhibitory serines on GSK-3 promotes IL-12 production by RAPA-DCs GSK-3, like mTOR, is an integrator of activating and inhibitory signals in DCs 26 and is involved in regulating cytokine secretion. 27 The activity of the 2 GSK-3 isoforms (␣ and ␤) is inhibited by phosphorylation of inhibitory N-terminal serines (S21 for GSK-3␣; S9 for GSK-3␤), and facilitated through tyrosine phosphorylation of Y279 in GSK-3␣ or Y216 in GSK-3␤. 26 Thus, the activity of GSK-3␣/␤ is determined by their collective phosphorylation. The aggregate phosphorylation of GSK-3␣/␤ before and after TLR4 ligation was assessed in CTR-and RAPA-DCs. Compared with CTR-DCs, and especially after LPS exposure, RAPA-DCs displayed very little phosphorylation of S21/9 but comparatively intact phosphorylation of Y279/216 ( Figure 3A ). GSK-3 activity inversely correlates with the level of nuclear ␤-catenin, as active GSK-3 phosphorylates and directs ␤-catenin degradation. 28 Compared with CTR-DCs, RAPA-DCs exhibited little nuclear ␤-catenin, especially after exposure to LPS ( Figure 3B ). Also evident in RAPA-DCs was an increase in nuclear GSK-3␣/␤ ( Figure  3B ), which is associated with negative regulation of ␤-catenin signaling. 29 Thus, generation of mDCs in RAPA results in a profound failure to phosphorylate GSK-3␣/␤ on inhibitory S9/21 after TLR4 ligation.
To assess whether GSK-3 activity was responsible for the significant increase in IL-12p70 production by LPS-stimulated RAPA-DCs, DCs were treated with the GSK-3 inhibitor LiCl before LPS exposure. In support of a lack of GSK-3 downregulation driving increased IL-12p70 secretion by LPS-treated murine RAPA-DCs, exposure to LiCl markedly suppressed their secretion of IL-12p70 after LPS stimulation ( Figure 3C ). LiCl pretreatment of Hu RAPA-DCs also significantly reduced LPSstimulated IL-12p70 secretion (RAPA-DCs ϩ LPS: 777.4 Ϯ 471.7 ng/mL vs RAPA-DC ϩ LPS [LiCL]: 234.8 Ϯ 76.1 ng/mL; P Ͻ .05).
GSK-3 activity promotes overexpression of IL-12 in CD86 lo RAPA-DCs on LPS stimulation
The foregoing findings constitute an apparent paradox, whereby exposure of RAPA-DCs to LPS culminates in weakly stimulatory Ag-presenting cells (APCs), producing high levels of IL-12p40/p70. A defining characteristic of murine RAPA-DCs is a profound reduction in CD86 expression that is maintained on exposure to IL-4, 8 CpG, 12 LPS, 8, 10, 12 or CD40 ligation. 11 Thus, we assessed the relationship between CD86 and IL-12p40 expression by CTR-DCs and RAPA-DCs. After LPS stimulation, the majority of CTR-DCs (Ͼ 60%) were CD86 hi , whereas
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RAPA-DCs remained predominantly low expressors of CD86 (ϳ 70% CD86 lo ; Figure 4 ). Interestingly, a prominent population of CD86 lo /IL-12p40 hi RAPA-DC emerged after LPS stimulation (Figure 4 ). This population was further examined by generating mDCs in the presence of a novel adenosine triphosphate-competitive mTOR inhibitor, Torin1, that unlike RAPA, targets both mTORC1 and mTORC2. 30 There was little difference between RAPA-DCs and those generated in Torin1 (Torin1-DC; Figure 4) . Consistent with our finding (Figure 4 ) that failure to inhibit GSK-3 activity after LPS stimulation increased IL-12p40 production by RAPA-DCs, as shown in Figure 5 , inhibition of GSK-3 with LiCl, but not treatment with AktX, suppressed IL-12p40 expression in the prominent CD86 lo RAPA-DC subset. These data establish, for the first time, that mTOR-dependent down-regulation of GSK-3 activity is required after LPS stimulation of mDCs to limit IL-12 production in CD86 lo cells. As Torin1 did not modulate the level of IL-12p40 mDCs differently from RAPA, it can be concluded that increased IL-12 is the result of inhibited mTOR activity, not exaggerated mTORC2 activity. 
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TURNQUIST
Despite increased IL-12 production, murine RAPA-DCs do not increase Th1 polarization
In addition to increasing IL-12 secretion, short-term (Յ 3 hours) inhibition of mTOR in APCs before their exposure to bacteria or LPS increases CD86 expression and their capacity to promote Th1 and Th17 responses. 14, 15 Given these reports and our finding that mDCs generated in RAPA produce increased IL-12p40/p70 but remain CD86 lo and weak allostimulators after LPS stimulation, we examined the potential of RAPA-DCs to polarize Th cells. When used to activate freshly isolated allogeneic CD4 ϩ T cells, LPS-stimulated RAPA-DCs, although exhibiting enhanced IL-12p40/p70 production, did not increase the incidence of IFN-␥ ϩ cells ( Figure 6A ) or the level of secreted IFN-␥ ( Figure 6B Figure 6B ). LPS-stimulated RAPA-DCs also induced significantly less IL-17 production compared with LPS-exposed CTR-DCs ( Figure 6B ). LiCl treatment of CTR-DCs before LPS stimulation limited CD4 ϩ T-cell IFN-␥ production and increased IL-4 production, whereas LiCl treatment of RAPA-DCs exerted little impact on T-cell cytokine production. Unique to RAPA-DCs stimulated with LPS was an increase in the incidence of IL-4 ϩ /IFN-␥ ϩ CD4 ϩ cells (Th0). 31 The incidence of Th0 cells detected in LPS-stimulated CTR-DC cultures did not differ from that in unstimulated CTR-DC MLR ( Figure 6A ).
To gain insight into how RAPA-DCs differ from CTR-DCs in their in vivo CD4 ϩ T-cell stimulating/polarizing capacity, we assessed the expansion and cytokine expression of adoptively transferred TCR tg 1H3.1 cells, which recognize a BALB/c allopeptide IE␣ 52-68 on I-A b . 17 1H3.1 cells were transferred into B6 mice, which were infused 2 days later with syngeneic IE␣ 52-68 -pulsed CTR-or RAPA-DCs (either unstimulated or RAPA-and CTR-DCs were generated as described in "DC generation and treatment." BM-derived Torin1-DCs were generated from B6 mice with GM-CSF and IL-4 in the presence 50nM Torin1, a dual inhibitor of mTORC1 and mTORC2. After purification on day 7 of culture, these DCs were incubated for 18 hours in media alone (Unstim) or with 0.1 g/mL LPS. Intracellular staining for IL-12p40, combined with surface staining for CD86, reveals that DCs generated under mTORC1 and mTORC2 inhibition have increased IL-12p40 production in CD86 lo CD11c ϩ cells. (C) However, on more detailed analysis, a significant difference between RAPA-and CTR-DCs was only observed in CD86 lo , not CD86 hi , mDCs. CD86 lo DCs were the only subset that displayed a significant decrease in IL-12p40 after inhibition of GSK (n ϭ 2-4). *P Ͻ .05. For The ability of LPS-stimulated human RAPA-and CTR-DCs to promote polarization of alloreactive CD4 ϩ cells was also compared. LPS-stimulated monocyte-derived RAPA-DCs generated from 6 of 7 healthy subjects induced significantly higher incidences of CD4 ϩ IFN-␥ ϩ alloreactive T cells (10% Ϯ 6%) compared with those from the same persons generated in the absence of RAPA (Hu CTR-DCs; 3% Ϯ 2%; P Ͻ .001; Figure 6F -G) Interestingly, RAPADCs generated from 4 of the 7 persons further promoted alloreactive CD4 ϩ T cells to become IL-4 ϩ (15% Ϯ 10% for LPSstimulated RAPA-DCs vs 4% Ϯ 3% for LPS-stimulated CTR-DC; P ϭ .03; Figure 6E,H) . In RAPA-DC cultures, IL-4 ϩ /IFN-␥ ϩ CD4 ϩ cells were also observed, in 3 of 7 persons used to generate the RAPA-DCs ( Figure 6E) . Overall, human RAPA-DCs, like their murine counterparts, displayed poor allostimulatory capacity, despite a high potential to secrete IL-12p70 on LPS stimulation. Distinct from murine RAPA-DCs, however, human LPS-stimulated RAPA-DCs displayed increased Th1-polarizing ability for alloreactive CD4 ϩ T cells. Nevertheless, they also demonstrated the ability to promote CD4 ϩ T-cell responses characterized by increased IL-4 and/or IL-4/IFN-␥ polarization, similar to that observed for murine RAPA-DCs.
IL-12 and active GSK-3 promote the induction of Foxp3
Compared with CTR-DCs, unstimulated murine RAPA-DCs enhance the incidence of Foxp3 ϩ Treg in CD4 ϩ T-cell populations, in vitro 11 and in vivo. 4 However, whether LPS stimulation influences the capacity of RAPA-DCs to modulate Treg in allogeneic CD4 ϩ T-cell populations has not been defined. Consistent with past reports, 11 bulk CD4 ϩ BALB/c T cells cultured with unstimulated RAPA-DCs in MLR displayed an increased incidence of Foxp3 ϩ cells ( Figure 7A ). However, a significant increase was not maintained when RAPA-DCs were exposed to LPS and compared with LPS-stimulated CTR-DCs ( Figure 7A ; P ϭ .078). Thus, LPS exposure reduces the capacity of both RAPA-DCs and CTR-DCs to maintain Foxp3 ϩ Treg in total CD4 ϩ T cells ( Figure 7A) .
It was observed, however, that blocking CTR-DC GSK-3 activity, especially before LPS stimulation, profoundly reduced the incidence of Foxp3 ϩ cells in CTR-DC-stimulated cultures ( Figure  7A ). IL-12R␤2, a component of the heterodimeric IL-12 and IL-23 receptors, is necessary for induction of Foxp3 expression in CD25 Ϫ CD4 ϩ T cells, but not the generation of natural Treg (CD4 ϩ CD25 ϩ Foxp3 ϩ ). 32 Given our observation that GSK-3 inhibition potently blocks mDC IL-12p40/p70 production after exposure to LPS ( Figure 3C ) and reduces the capacity of CTR-DCs to maintain Foxp3 ϩ cells in culture ( Figure 7A) , we examined the roles of IL-12 and GSK-3 in the capacity of mDCs to induce Foxp3 expression in CD4 ϩ CD25 Ϫ T cells. When B6 wild-type (WT) or IL-12p40 Ϫ/Ϫ mDCs were used to stimulate naive BALB/c CD4 ϩ CD25 Ϫ T cells, there was a reduction in the incidence of Foxp3 ϩ CD4 ϩ CD25 hi cells in cultures stimulated with LPSexposed mDCs ( Figure 7B ). However, stimulation with IL12p40 Ϫ/Ϫ mDCs resulted in a further, pronounced reduction of induced Treg compared with WT mDCs ( Figure 7B) . Notably, IL-12p40 Ϫ/Ϫ mDCs treated with LiCl before LPS stimulation displayed an additional reduction, especially in the incidence of nondividing, induced Treg ( Figure 7B ; CFSE hi Foxp3 hi cells). Addition of rIL-12p70 to cocultures of LiCL-treated, LPSstimulated mDCs and CD4 ϩ CD25 Ϫ T cells reestablished the CFSE hi Foxp3 hi population of induced Treg but did not increase the proliferating population (CFSE lo Foxp3 hi ; Figure 7C ). These data reveal that, after LPS stimulation, both mDC GSK-3 activity and IL-12p40/p70 production contribute to the induction of Foxp3 in CD4 ϩ CD25 Ϫ T cells.
Discussion
The importance of mTOR in regulation of APC function is becoming evident. 4 By targeting mTORC1, RAPA exerts suppressive effects on mDC differentiation and maturation in vitro and in vivo. 4 It also limits plasmacytoid DC production of IFN-␣, suppressing antiviral immunity. 33 Weichhart et al 15 and others 14, 16 have shown recently that mTORC1 in myeloid APC functions as an early regulator of IL-12 and promoter of IL-10 production. Our data are consistent with mTORC1 acting as a negative regulator of IL-12 and facilitator of IL-10 production after exposure to microbial products. However, we show herein that increased IL-12 production by RAPA-DCs is restricted largely to CD86 lo cells, with poor inherent ability to stimulate allogeneic Th1 cell responses. Our data also suggest that augmented NF-B or MAPK activity does not underlie increased IL-12p40/70 production by RAPADCs, which instead results from lost capacity to inhibit GSK-3. Previously, we demonstrated that induction of IL-1␤ during generation of RAPA-DCs promoted up-regulation of ST2L, 12 a negative regulator of TLR4-triggered NF-B activation. 19 This is in agreement with the finding that caspase-1 is suppressed by active mTOR. 16 In addition, RAPA-DCs express increased IL-1R-activating kinase-M (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article), an additional negative regulator of NF-B. 19 Thus, our observations concerning mDCs generated in RAPA are distinct from those where myeloid cells are exposed to RAPA briefly, then stimulated with LPS. 15 In the latter instance, increased activation of NF-B was implicated in the increased inflammatory potential of myeloid APC, including augmented IL-12p70 production. Thus, duration of exposure to mTOR inhibition and the presence or absence of negative regulators of TLR signaling appear critical in determining the immunoregulatory function of the APC. In addition, it appears that 2 pathways contribute to increased IL-12p70 production by mDCs exposed to mTOR inhibition: one involving mTOR/NF-B and the other involving mTOR/GSK-3.
The PI3K/Akt and mTOR pathways are intricately linked. 34 Active Akt positively signals to mTORC1 by inhibiting the TSC1/2 complex, a negative regulator of mTORC1, 1, 24 whereas Akt is phosphorylated on S473 by mTORC2 to become fully active. 1 Akt activity does not appear to be disrupted in RAPA-DCs, and it does not play a facilitating role in increased IL-12p40/p70 production. Indeed, inhibition of Akt increases IL-12p40, consistent with a negative regulatory role of Akt in IL-12 production. 23 However, we cannot rule out the impaired capacity of Akt in RAPA-DCs to function as an inhibitor of GSK-3. 35 In the case of T308 on Akt, we observed increased phosphorylation in RAPA-DCs, suggesting that generation of mDCs in RAPA may inhibit a negative regulator of the PI3K pathway, potentially p70S6K. 24 In addition to mTOR and Akt, there is evidence that GSK-3 regulates mDC function. 14, 26 Active GSK-3 promotes IL-12p40/ p70 and limits IL-10 production by E coli-stimulated mDCs. 26 GSK-3 and mTOR appear to be linked in IL-12 regulation, as inhibition of GSK-3 limits RAPA-enhanced IL-12 production and blunts in vivo Th1 responses. 14 Our current observations corroborate and significantly extend these recent findings. Our data are consistent with mTOR and GSK acting regulation of IL-10 and IL-12 after LPS stimulation of mDCs. Importantly, through the use of the mTORC1/TORC2 inhibitor Torin1, we now establish that IL-12 regulation by mTOR is not a RAPA-insensitive function of For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From mTORC1 or mediated by mTORC2/Akt signaling. 30 It will now be critical to indentify the mTOR-dependent GSK-3 inhibitor that regulates IL-12. Also of significance is our observation that failed inhibition of GSK-3 in mDCs differentiated in RAPA results in CD86 lo IL-12p40/p70 hi mDCs that are poor promoters of Th1 responses. This resolves an apparent paradox in the literature regarding mTOR/GSK-3 regulation of mDC function. Our data are consistent with a model where active mTOR is needed to suppress GSK-3 and limit mDC IL-12 secretion subsequent to TLR4 ligation. 15, 14, 16, 26 However, we reaffirm that mDCs generated under conditions of mTORC1/2 inhibition display decreased CD86 and are poorly stimulatory. This is also consistent with reports that RAPA-DCs can function as immunoregulatory APCs that promote transplantation survival 8, [10] [11] [12] and inhibit GVHD. 13 It is accepted that IL-12p70 facilitates Th1 polarization. 36, 37 Relatedly, DC production of IL-1, -6, and -23 promotes Th17 development. 37, 38 It is less clear what underlies Th2-type polarization as DCs produce little IL-4 and IL-4-deficient DCs can promote Th2 responses. 39 Limited mDC/CD4 ϩ T-cell interaction or poor TCR stimulation may facilitate Th2 polarization. 40 Costimulatory molecule expression is critical for expansion of both Th1 and Th2 cells. 41 Inhibition of mTOR immediately before LPS stimulation increases IL-12 and -23 secretion by APCs while augmenting CD86 expression. 15 Moreover, these APCs enhance IFN-␥ and IL-17 production by CD4 ϩ T cells. 14, 15 We observed that LPSstimulated RAPA-DCs exhibited reduced capacity to induce T-cell proliferation or Th17 responses, consistent with their low CD86 expression and reduced IL-23 secretion. RAPA-DCs instead facilitated a heterogeneous, Th0/Th1/Th2 profile. Given their increased IL-12p40/p70 production, it was surprising not to observe more vigorous Th1 polarization by LPS-stimulated RAPA-DCs. Thus, adequate costimulatory molecule expression probably is required, in addition to IL-12p70, for effective Th1 polarization by LPSstimulated mDCs. Our data do not exclude the possibility that mDC generation in RAPA results in the expression/production of molecules, or alternatively, favors DC interactions with CD4 ϩ T cells, that facilitate Th2 responses.
DCs can enrich, expand, and induce CD4 ϩ CD25 ϩ Foxp3 ϩ Treg. 42 We have found that RAPA-DCs, compared with CTR-DCs, especially after CD40 ligation, enrich for alloAg-specific, naturally occurring Treg (nTreg). 11 Again, herein, we observed increased Foxp3 ϩ T cells in cultures of unstimulated RAPA-DCs and bulk CD4 ϩ . However, when LPS-stimulated RAPA-DCs and CTR-DCs were compared, no significant difference was observed, with both displaying a reduced capacity to maintain nTreg. CD40 ligation does not increase IL-12p70 secretion by RAPA-DCs. 11 Thus, it cannot be concluded that increased IL-12 production by RAPADCs plays a role in their enrichment of nTreg. Notably, it was apparent that LiCl treatment, which potently blocked IL-12p40/p70 production by both RAPA-and CTR-DCs, profoundly reduced the incidence of Foxp3 ϩ cells in CTR-DC-stimulated cultures, especially those with LPS-treated CTR-DCs. IL-12p70 is a promoter of IFN-␥-producing Th1 responses. 37 However, IFN-␥ has also been shown to support the induction of Foxp3 in CD4 ϩ CD25 Ϫ cells. 43 Administration of IL-12, by promoting IFN-␥, can prevent GVHD 44 and experimental autoimmune encephalomyelitis. 45 Moreover, IL-12R␤2 Ϫ/Ϫ mice exhibit an accelerated onset of autoimmune diabetes, associated with severely impaired Treg induction. 32 Our data support a crucial need for IL-12p40/p70 in the induction of Foxp3 in CD4 ϩ CD25 Ϫ cells. We also have identified a requirement for GSK-3 activity in mDCs for Treg induction, beyond the support of IL-12 production. Thus, the capacities of mDCs to induce Th1 and Treg responses appear to be closely linked.
Our current findings are relevant to the chronic administration of RAPA in patients. mTOR inhibition in renal transplantation has been associated, in less than 20% of patients, with inflammatory disorders, including interstitial pneumonitis and glomerulonephritis. 46, 47 It remains unclear whether these pathologies are mediated by a particular subset of Th cells favored by endogenous DCs under the influence of RAPA. Decreased Th1 responses were observed in kidney transplantation patients receiving rapamycin versus cyclosporine in combination with either mycophenolate mofetil or methylprednisolone. 48 However, RAPA monotherapy of type 1 diabetes has revealed no differential effect on Th1 versus Th2 cells but increased Treg function. 6 Nonetheless, analysis of PBMCs from kidney or liver transplantation patients converted to RAPA from calcineurin inhibitors revealed that RAPA increased Th1 cells and decreased IL-10 gene expression. 49 With growing clinical use of RAPA, it is imperative to gain a fuller understanding of the impact that increased IL-12 production by RAPA-exposed APCs may have on systemic Th and Treg responses in patients receiving mTOR inhibitors.
